Introduction
The purpose of this laboratory exercise is to measure the drag of different simplified vehicle shapes by means of wake analysis. The wake downstream of the model is measured with a rake consisting of total pressure and static pressure probes. Most of the measurements are automatic, which means that the major work for the student is in the post-processing of the data. The drag is evaluated from the measurement data, and the results should be corrected for the flat plate boundary layer that is present. In the lab-report there should also be a discussion about the approximations that are used, and the possible error sources present.
Wind tunnel
The lab is performed in the low speed wind tunnel at the Department of Mechanics, KTH, see Figure 1 . This is an open type of wind tunnel and is driven by an rpm-regulated axial fan (frequency driven AC motor) downstream of the test section. The width of the test section is 40 cm and its height is 50 cm. To maintain good flow quality in the test section i.e. low levels of high-speed fluctuations and an even velocity profile, honeycombs and screens are used at the entrance to the contraction. The honeycombs direct the flow parallel with the test section's centre line, while at the same time breaking down turbulent eddies. The pressure drop across the screens damps out the unevenness of the velocity profile, as well as breaking down the eddies into a smaller size. Viscous effects soon damp out the small eddies. The contraction directly upstream of the test section also provides strong damping of the relative fluctuation level and the velocity variation over the test section's crosssection.
Experimental set-up
In the test section the model is positioned on a flat plate, which simulate the presence of the ground. Thus, in this lab, the effect of the relative motion between the car and the ground is not considered. The plate with the car is positioned approximately 0.20 m above the wind tunnel floor (see Fig.2 ). The wake measurements will be carried out 5 car heights downstream of the car. The total pressure distribution in the wake is measured by means of a rake made of 21 Pitot probes. 8 static pressure probes allow also an estimate of the static pressure in the wake to be obtained. The rake is mounted on a traversing equipment, which is capable to move manually the rake in the spanwise direction.
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Fig.2 -Schematic of the mounting in the wind tunnel
The tubes coming from each pressure probe of the rake are connected to a scanivalve. The scanivalve is driven by the computer, which through an A/D board can control the steps that the scanivalve should perform. The pressure output from the scanivalve is connected to a pressure transducer. The transducer measures the pressures whose value is transmitted to the computer through the A/D board. The reference speed in the wind tunnel can be calculated by means of a Prandtl tube connected to another channel of the Scanivalve.
The wake integral
The velocity vector in the (x,y,z)-coordinate system is defined as
Note that the streamwise velocity component is split into the free stream velocity (U∞) plus the deviations from the free stream velocity (u, v, w) . Inside the wake the deviation will be negative since the velocity inside the wake is smaller than the free stream velocity. The drag (D) can then be calculated from the wake integral defined as Since we cannot measure the v and w velocity components with the present equipment (rake) we have to make the assumption that the third integral is small and thus negligible. This will not be true in regions with strong streamwise vortices where both v-and w-components are large. We can get an estimate of the second integral by measuring the u-component. This is possible since we can find, by means of the 6 measured points, the static pressure distribution. Please consider that the static pressure is measured at different positions, therefore an interpolation is required.
Boundary layer correction
The momentum loss due to the boundary layer over the flat plate is included in the measured wake, and it is desirable to make a correction in order to subtract this contribution from the measured drag. For a laminar boundary layer that has developed over a flat plate with length L the momentum loss thickness (θ) can be calculated from the relation
viscosity of the fluid
For a turbulent boundary layer it is not possible to derive a theoretical expression for the momentum loss thickness. However, as an approximation the following empirical expression for a turbulent boundary layer that has developed over a flat plate with length L can be used:
Lab exercise
The lab will start with a small description of the laboratory equipment and the experimental set-up. The vehicle model consists of a simplified car that has been used for the validation of CFD codes in predicting the aerodynamic performance of ground vehicles, called Ahmed body. Three different geometries, which differ in the rear part, are available: a squareback (model 1) and 2 types of fastbacks (model 2 and 3) with an angle of 25° and 35°, respectively. Each group will perform a set of measurements, using different models or different free stream velocities. The lab-assistant will tell each group which parameters that should be used.
The output from the measurement is an ASCII-file containing the measured pressures for each channel of the scanivalve. It is important that you have taken necessary notes during the lab in order to be able to do the data evaluation afterwards. The information that you need is for instance:
• A list to identify each column in the ASCII-file with the correct pressure tube • The atmospheric temperature and pressure used to calculate the air density during the experiment • Plate length (to estimate the flat plate boundary layer)
• Dimension of the car to be used in the calculation of the drag coefficient (c D ) Table 1 shows the position of the total and static pressure probes corresponding to their position in the ASCII file. The offset in the spanwise direction is given by ∆z o. 
Total pressure probes
Work after the Lab
Take the pressure data recorded and use them to calculate the integral in eq. 1. In order to calculate the drag coefficient the value of the dynamic pressure should be firstly estimated by assessing the reference speed of the wind tunnel.
With the mean static pressure in the wake you can estimate the u-component that is used in the second integral in equation 1. Check its relative importance compared to the main contribution in the integral.
Estimate the momentum losses on the plate by assuming either a complete laminar or a complete turbulent flow. You can also calculate it from the experimental data. Try to comment and to explain the results obtained.
Lab report -present a brief review of the different methods to estimate experimentally the drag coefficient of a car -describe the model -process the data recorded and calculate the drag coefficient of the studied configuration -compare and discuss the effect of the change in the geometry or in the measurement parameters -check if there might be in the experiment blockage problems and in that case discuss which deviaton you should expect from the real value. 
